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ABSTRACT 
A colony-stimulating factor (M-CSF) has been partially purified and concentrated 
from mouse yolk sac-conditioned medium (YSCM).  M-CSF appeared to prefer- 
entially  stimulate  CBA  bone  marrow  granulocyte-macrophage progenitor  cells 
(GM-CFC)  to  differentiate  to  form  macrophage  colonies  in  semisolid  agar 
cultures. By comparison, colony-stimulating factor (GM-CSF) from mouse lung- 
conditioned medium  (MLCM)  stimulated the formation of granulocytic, mixed 
granulocytic-macrophage,  and  pure  macrophage  colonies.  Mixing  experiments 
indicated that both M-CSF and GM-CSF stimulated all of the GM-CFC but that 
the smaller CFC were more sensitive to GM-CSF and that the larger CFC were 
more sensitive to M-CSF. Almost all developing "clones" stimulated initially with 
M-CSF continued to develop when transferred to cultures containing GM-CSF. 
In the converse situation, only 50% of GM-CSF prestimulated "clones" survived 
when transferred to cultures containing M-CSF. All clones initially stimulated by 
M-CSF or transferred to cultures stimulated by M-CSF contained macrophages 
after 7  days of culture. These results suggest that there is a  population of cells 
(GM-CFC)  that  are  capable  of differentiating  to  form  both  granulocytes  and 
macrophages, but, once these cells are activated by a specific CSF (e.g. M-CSF), 
they are committed to a  particular differentiation pathway. The pattern of CFC 
differentiation  was  not  directly  related  to  the  rate  of  proliferation:  cultures 
maximally stimulated by M-CSF produced mostly macrophage colonies, but the 
presence of small amounts of GM-CSF produced granulocytic cells in 30% of the 
colonies.  Gel  filtration,  polyacrylamide gel  electrophoresis  in  the  presence  of 
sodium dodecyl sulfate, and affinity chromatography with concanavalin A-Seph- 
arose indicated that M-CSF from yolk sacs was a glycoprotein with an apparent 
molecular weight of 60,000. There was some heterogeneity of the carbohydrate 
portion  of the  molecule  as  evidenced by chromatography  on  concanavalin  A- 
Sepharose. 
KEY  WORDS  fetal  colony-stimulating  Cells capable of differentiating into mature hem- 
factor  macrophage  purification  colony-  opoietic cells can be cloned in vitro under appro- 
forming cell  differentiation  priate  culture  conditions  (1,  4).  These  colony- 
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cific  hemopoietic  regulatory  molecules  (referred 
to as colony-stimulating factors [CSF]) for their in 
vitro  proliferation  and  differentiation  (9).  There 
appear  to be specific CSF's for each hemopoietic 
cell type,  although the one CSF purified thus far 
(9),  granulocyte-macrophage  colony-stimulating 
factor (GM-CSF), controls the differentiation and 
proliferation of both neutrophil granulocytes and 
macrophages  (2)  from  granulocyte-macrophage 
colony-forming cells (GM-CFC). The in vitro dif- 
ferentiation  and  proliferation of GM-CFC is reg- 
ulated  in  part  by  the  concentration  of  GM-CSF 
(2,  11) but can also be altered by the presence of 
other biologically active molecules (especially in- 
hibitors  to  colony  growth).  For  these  reasons, 
previous  studies  on  the  properties  of  GM-CFC 
have  been  hampered  by the  poor quality of CSF 
used.  In this report, we indicate a  simple scheme 
for partially purifying two CSF's so that they will 
give  maximal  stimulation  to  the  GM-CFC  and 
enable  the  properties  of  the  cells  to  be  studied 
independently of the CSF concentration effect. 
Recently, a macrophage colony-stimulating fac- 
tor (M-CSF) was obtained from fetal CBA mouse 
yolk  sac-conditioned  medium  (YSCM;  reference 
5). The biological and molecular properties of M- 
CSF have been directly compared to those of GM- 
CSF  from  mouse  lung-conditioned  medium 
(MLCM).  After partial  purification  and  concen- 
tration,  both  M-CSF  and  GM-CSF  maximally 
stimulate  bone  marrow  cultures  but  the  patterns 
of  differentiation  produced  are  quite  different. 
The molecular properties suggest that  M-CSF is a 
larger  molecule  than  GM-CSF  but  contains  less 
carbohydrate  than  the  latter.  The  availability  of 
these two CSF has allowed the direct study of the 
factors  controlling  granulocyte  and  macrophage 
differentiation. The development of single clones 
stimulated  by  GM-CSF,  M-CSF,  or various con- 
centrations of both and the effect of transferring a 
developing clone to a different stimulus have been 
studied. 
Abbreviations used in this paper: CFC, colony-forming 
cell; GM-CSF, granulocyte-macrophage colony-forming 
cell; CSF, colony-stimulating  factor; GM-CSF, granulo- 
cyte-macrophage  colony-stimulating  factor;  M-CSF, 
macrophage  colony-stimulating  factor;  MLCM,  mouse 
lung-conditioned medium; YSCM, yolk sac-conditioned 
medium; DME, Dulbecco's Modified Eagle's Medium; 
DEAE, diethylaminoethyl; EBSS, Eisen's Balanced Salt 
Solution. 
MATERIALS  AND  METHODS 
Preparation of Cell Suspensions 
C57BL/6J Wehif and  CBA/Wehi mice were used to 
provide all the tissues  or conditioned media referred to 
in  this  report.  Bone  marrow  cells  were  collected  by 
flushing the cells from the femur with a 22-gauge needle 
into Eisen's Balanced Salt Solution (EBSS). Single cell 
suspensions  were prepared by repeated aspiration  with 
glass  pipettes.  Cell  counting  was  performed  with  a 
hemocytometer, and viability  was  determined by eosin 
dye exclusion. 
Preparation of Conditioned Medium 
Yolk sacs were obtained from CBA mice at 14 days 
of gestation. (Day of vaginal plug =  day 0 of gestation; 
reference 5.)  After removal from the  fetus, yolk sacs 
were washed several times through EBSS. Each washed 
yolk sac was cultured in  1 ml of serum-free Dulbeeco's 
Modified Eagle's Medium in a round bottom plastic tube 
(no. 2001,  BioQuest, BBL & Falcon Products, Becton 
Dickinson & Co., Cockeysville, Md.) for 5 days at 37"C 
in a fully humidified atmosphere containing 10% CO2. 
After removal of the yolk sacs,  the conditioned me- 
dium  (YSCM)  was  dialyzed  for  3  days  against  three 
changes  of 0.03  M Tris  HCI buffer, pH 7.4. Although 
this  conditioned medium  stimulated  colony formation, 
there was insufficient  M-CSF to maximally stimulate  all 
of the CFC in the semisolid agar assay.  DEAE-Sepha- 
rose CL-6B (5 ml) equilibrated with the same buffer was 
added  to 500  ml of dialyzed  conditioned medium and 
mixed gently for at least 4 h.  (The addition of 50 t~l of 
bromphenol blue (0.01%, wt/vol) to the dialyzed condi- 
tioned medium is useful for determining when the bind- 
ing has gone to completion.) The  ion exchange beads 
were  allowed  to  settle  and  most  of the  medium  was 
decanted.  The  beads  were collected and  then  packed 
into a column (60  x  10 mm) and diluted with 0.01  M 
sodium  phosphate  buffer,  pH  7.3,  containing 0.15  M 
NaCI,  0.005%  (wt/vol) polyethylene glycol 6,000,  and 
0.02%  sodium  azide  (wt/vol).  Fractions  (2  ml)  were 
collected and assayed  for CSF. Most of the CSF eluted 
in  fractions 3  and  4  whereas the  bromphenol  blue or 
phenol red eluted in fractions  5-8. This batch chromato- 
graphic procedure routinely achieved a 50- to 100-fold 
concentration of the CSF. This DEAE-Sepharose eluate 
is referred to as the standard  M-CSF preparation.  This 
preparation was slightly inhibitory when 0.1  ml was used 
to stimulate  the conventional 1-ml agar cultures, but this 
inhibitory  material could be  removed by  gel filtration 
chromatography (see below). Alternatively, the reagent 
can  be used at a four- to eighffold dilution (where the 
CSF  concentration  appears  to  be  approximately  two 
times greater than that necessary  for maximum stimula- 
tion). 
Mouse lung-conditioned medium  (MLCM) was  pre- 
pared using  C57BL mouse lungs (14) excised 3 h after 
36  THE  JOURNAL OF  CELL BIOLOGY  ￿9  VOLUME 77, 1978 the injection of 5  /~g of endotoxin (Difco Laboratories, 
Detroit, Mich.). Each pair of lungs was cultured in 5 ml 
of  serum-free  Dulbecco's  Modified  Eagle's  Medium 
contained in  a  round  bottom  plastic tube  (no.  2001, 
Falcon Plastics) for 48 h  at 37"C in a fully humidified 
atmosphere with 10% CO2. After heating at 56"C for 30 
rain and centrifugation at 12,000g for 15 min to remove 
precipitate, the MLCM was dialyzed below 8~  against 
3  x  10 vol of deionized distilled water. The precipitate 
was removed by centrifugation, and calcium phosphate 
gel was stirred into the solution (1  ml of gel/10 mg of 
protein). After 2 h, the supernatant fluid was decanted 
and the gel was collected by centrifugation. The gel was 
washed initially with 2 vol of 0.01  M sodium phosphate 
buffer, pH 6.8, and then with 1.5 vol of 0.1  M sodium 
phosphate buffer, pH 6.8, containing polyethylene gly- 
col 6,000 (0.005%, wt/vol) and sodium azide (0.02%, 
wt/vol) to elute the CSF (2). Ultrafiltration over a Diaflo 
PM-10  membrane (Amicon Corp.,  Lexington,  Mass.) 
was used to concentrate the eluted CSF fivefold to yield 
the material referred to as the standard GM-CSF prepa- 
ration. This concentrate still maximally stimulated agar 
bone marrow cultures even at 200-fold dilution. It was 
routinely used at dilutions between 2- and 30-fold in the 
work reported here. GM-CSF used for affinity chroma- 
tography  on  concanavalin  A-Sepharose  was  further 
purified by gradient salt elution from diethylaminoethyl 
(DEAE)-Sepharose and concentrated by ultrafiltration 
(2). 
Concanavalin A-Sepharose Chromatography 
GM-CSF (1.5 ml) eluted from DEAE-Sepharose and 
equilibrated with 0.2 M sodium acetate buffer, pH 5.0, 
containing Triton  X-100  (0.01%,  vol/vol) and  Ca  ++, 
Mn  ++,  Mg  ++  ions  (1  mM),  was  applied  to  a  column 
containing concanavalin A-Sepharose 4B (1.5 x  2.5 cm) 
equilibrated with the  same  buffer  (2).  After the  first 
peak  of protein had been collected,  methyl-a-r>-gluco- 
pyranoside (0.05  M) was used to elute these glycoprc~ 
teins. 
M-CSF (1.25  ml), which had been eluted batchwise 
from  DEAE-Sepharose,  was  mixed  with  0.1  mg  of 
Dextran Blue and 1.5/zl of Triton X-100 solution (10%, 
vol/vol) and applied to a column containing concanavalin 
A-Sepharose 4B (1.5 x  2.5 cm) equilibrated with 0.2 M 
sodium acetate buffer, pH 5.0, containing Triton X-100 
(0.01%, vol/vol) and Ca  ++, Mn  ++, Mg  ++ ions (1  raM). 
After  the  first  peak  of  protein  had  been  collected, 
methyl-a-o-glucopyranoside (0.05  M) was added to the 
buffer to facilitate the elution of the glycoproteins. 
Gel Filtration Chromatography 
M-CSF  (1.0  ml),  eluted from  DEAE-Sepharose  or 
from polyacrylamide gel after electrophoresis, was  ap- 
plied to a  column  (1.5  x  18 cm) of Sephadex G-100 
(superfine, Pharmacia Fine Chemicals, Piscataway, N. J,) 
equilibrated with 0.01  M sodium phosphate buffer, pH 
7.3, containing 0.15 M NaCI and Triton X-100 (0.1%, 
vol/vol). The flow  rate was maintained at 3  ml/h, and 
1.5-ml fractions were collected. M-CSF eluted from the 
column between 20 and 30 ml. Biologically active frac- 
tions were pooled and concentrated using a  Diaflo PM- 
10 uitrafiltration membrane. 
Polyacrylamide Gel Electrophoresis 
Samples containing M-CSF were applied to a prepar- 
ative (2.0 x  7.0 cm) gel electrophoresis column (3, 13). 
Analytical  polyacrylamide  electrophoresis  was  per- 
formed according to the method of Laemmli (6), except 
that the samples were equilibrated with sodium dodecyl 
sulfate (3%, wt/vol) for 1 h at 37"C. At the completion 
of the eletrophoresis, the gels were either sliced into 1.5- 
mm  sections  for  subsequent  elution  or  stained  with 
Coomassie Blue R-250 to locate the protein bands. M- 
CSF was eluted from the crushed gel slices with 0.01  M 
sodium  phosphate  buffer, pH  7.3,  containing 0.15  M 
NaCI. Where sodium dodecyl sulfate was present, these 
eluates were  deionized with approximately  0.5  g  of a 
mixed bed ion exchange resin AG-501 X8 (D) (BioRad 
Laboratories,  Richmond,  Calif.).  Protein  staining was 
recorded  photographically or  by  densitometry using a 
Canalco model J microdensitometer (Ames Co., Div. of 
Miles Lab. Inc., Elkhart, Ind.). M-CSF was located by 
assaying the eluates (0.1  ml) from each fraction by the 
soft agar cloning technique. 
Agar Cultures 
The  techniques  used  to  prepare  the  semisolid agar 
cultures were similar to those described by Metcalf (8). 
Aliquots  (0.1  ml) of  the  appropriate  dilutions of  the 
granulocyte and/or macrophage CSF were placed in four 
replicate plastic Petri dishes (35 ram). Cell suspensions 
were  diluted to the required cell concentrations in not 
more  than  0.4  ml  of  EBSS  and  added  to  an  equal 
volume of the agar medium (prepared by mixing equal 
voRtmes of double strength Dulbecco's Modified Eagle's 
Medium and 0.6%  agar). The composition of the dou- 
ble-strength nutrient medium had been slightly altered 
since earlier studies: Dulbecco's Modified Eagle's Me- 
dium HG Instant Tissue Culture Powder H16 (10.0 g; 
Grand  Island  Biological  Co.,  Grand  Island,  N. Y.), 
metal-distilled  deionized  water,  390  ml,  3  ml  of  L- 
asparagine (20  /~glml),  1.5  ml of DEAE-Dextran  (75 
~,g/mi; Pharmacia Fine Chemicals, mol wt =  2  ￿  10  ~, "0 
=  0.70), 0.575 ml of penicillin (200,000 U/ml), 0.375 
ml of streptomycin (200/zg/ml), 4.9 g of Nail COa, 63 
ml of horse serum (CSL,  Melbourne Batch no.  1413), 
187  ml of fetal calf serum  (Laboratory Services Ltd., 
Auckland,  N.Z.).  All  ingredients  were  sterilized  by 
filtration through 0.45-/zm cellulose acetate membranes 
(Millipore Corp.,  Bedford, Mass.). Cell suspensions in 
agar medium (1 ml) were added to each Petri dish and 
mixed with the stimulus. After gelling at room tempera- 
ture, the cultures were incubated at 37"C for 7 days in a 
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In this culture system, maximally stimulated CBA mouse 
bone  marrow  cells  yielded  180-250  colonies per  105 
cells plated when estimating the frequency of CFC in a 
given  cell  suspension. Cultures always  contained suffi- 
cient CSF to maximally  stimulate  the cultures. Colony 
counts were  made with an  Olympus dissection  micro- 
scope (X 35) with indirect lighting.  Discrete aggregates 
of  more  than  50  cells  were  scored  as  colonies,  and 
aggregates containing 3-50 cells were scored as clusters. 
For cytological  identification  of granulocyte and macro- 
phage colonies, colonies were transferred to microscope 
slides,  allowed to  dry,  overlaid  with  a  coverslip, and 
stained with 0.6% orcein in 60% acetic acid (10). 
Liquid Culture of Bone Marrow Cells 
Bone  marrow cells  (1  ￿  105  or  2  x  105/ml) were 
cultured  in  Dulbecco's  Modified  Eagle's  Medium 
(DME),  identical in  composition to  that  used for the 
agar cultures except that  an  equal volume of double- 
distilled water was added to the DME instead of 0.6% 
agar. 1-ml aliquots of cells in liquid DME plus 0.1 ml of 
a  maximal  stimulus  of  GM-CSF  were  layered  over 
previously  prepared agar underlayers containing DME, 
0.5%  agar, and an identical  concentration of GM-CSF 
in  35-mm  Petri dishes. Identical cultures  were estab- 
lished with optimal concentrations of M-CSF. After 1 or 
3  days  of  incubation  at  37~  in  a  fully  humidified 
incubator containing 10%  CO2  in  air,  cells were har- 
vested,  and  viable  nucleated  cell  counts  were  deter- 
mined, and then the cells were cultured for 7 days in 
replicate agar  cultures  containing either GM-CSF,  M- 
CSF, or normal saline (0.15  M). 
"Clone"  Transfer Studies 
Agar  cultures  ("donor  cultures")  were  established 
with low numbers of CBA bone marrow ceils (5,000- 
10,000/1  ml of culture) optimally stimulated with either 
GM-CSF or M-CSF. At the same time, identical  "host" 
cultures were prepared which contained 1  ml  of agar 
medium  and  optimal  concentrations of  M-CSF,  GM- 
CSF,  or  0.1  ml  of 0.15  M  NaCI  but  no  cells.  After 
incubation for a period of 2 or 3 days, single developing 
clones were removed from the donor cultures with a fine 
glass pipette and transferred to marked areas in the host 
culture  dishes.  Transferred  clones  were  placed  into 
"host" culture medium containing the same stimulus  as 
the  donor  culture,  the  opposite  stimulus,  or  normal 
saline.  Routinely,  five  developing clones were  trans- 
ferred to  each  host  culture  dish.  Host  cultures  were 
incubated in  the normal way  so that the total culture 
period was 7 days. 
Sedimentation  Velocity 
Separation of cells by  sedimentation at unit gravity 
was carried out by the technique of Miller and Phillips 
(12). Cell suspensions  were prepared in EBSS containing 
3.3% fetal calf serum and applied to a step-gradient of 
fetal calf serum  (7.5-25%,  vol/vol)  in  0.1  M  sodium 
phosphate  buffer,  pH  7.3,  containing  0.15  M  NaCl. 
After sedimentation in a glass chamber (11-cm diameter, 
Johns Scientific, Toronto, Canada) at 4~  for 2 h, the 
cone volume was discarded and 10-ml fractions were col- 
lected. Each fraction was centrifuged and the cells were 
resuspended in 2 ml of 0.01  M sodium phosphate buffer, 
pH 7.3,  0.15  M NaC1. Viable cell counts were made 
using eosin dye. CFC numbers were determined in four 
replicate soft agar cultures  of appropriate numbers of 
cells optimally stimulated by either M-CSF or GM-CSF. 
RESULTS 
Initially,  YSCM  was  prepared  by  incubating  a 
single yolk  sac from a  14-day  CBA mouse fetus 
for 5  days in 3 ml of serum-free DME at 37~  in 
a  fully humidified incubator containing 10% CO2 
in air.  This conditioned medium (0.1  ml) usually 
stimulated 80-90 colonies/105 CBA bone marrow 
cells in the standard semisolid agar assay system. 
When  the  yolk  sacs  were  cultured  in  1  ml  of 
medium,  0.1  ml  of  the  YSCM  was  capable  of 
stimulating  180  colonies/105 CBA  bone  marrow 
cells-this being equivalent  to  maximal  stimula- 
tion by concentrates of GM-CSF. The volume of 
conditioned medium  used for the  culture  of the 
yolk sacs could be varied from  1 to 3  ml without 
alteration in the total amount of M-CSF produced. 
The small volume (1  ml) of culture medium was 
chosen for most of these studies to provide a more 
concentrated starting pool of M-CSF for the par- 
tial purification and characterization. YSCM  was 
pooled and stored frozen until 300 ml was availa- 
ble for dialysis and batch adsorption onto DEAE- 
Sepharose  6B-CL.  The  M-CSF  eluted  from 
DEAE-Sepharose  stimulated  colony  formation 
from  CBA  mouse bone marrow cells at all  dilu- 
tions between 1:1  and 1 : 12 8 (Fig. 1 ). At dilutions 
between  1:3  and  1:10,  the  maximal  number  of 
colonies appeared to form, but at higher concen- 
trations (1:2 and  1:1) there appeared to be some 
inhibition of colony growth (Fig. 1). Gel filtration 
chromatography of the DEAE-Sepharose concen- 
trate on Sephadex G-100 (s) removed this inhibi- 
tory  material  so that  concentration of the active 
fractions yields M-CSF which is able to maximally 
stimulate  colony growth at  all  dilutions between 
1:1  and  1:20  (Fig.  1).  Maximal  stimulation  by 
either  M-CSF  or  GM-CSF  resulted  in  identical 
colony numbers in cultures of CBA bone marrow 
cells  (Table  I).  However,  maximally  stimulated 
M-CSF cultures rarely contained granulocytic col- 
onies, whereas GM-CSF cultures contained up to 
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DILUTION  OF  M-CSF  CONCENTRATES 
FmuP.E  1  Effect of dilution of M-CSF derived from YSCM on colony incidence in cultures of mouse 
bone marrow. Cultures were stimulated by M-CSF eluted from  DEAE-Sepharose (￿9  or  M-CSF 
purified further using Sephadex Gl00 (H).  All cultures contained 40,000 CBA bone marrow cells 
and 0.1 ml of the appropriate stimulus (see Materials and Methods) at varying dilutions. Mean -  SD data 
from four replicate cultures at day 7 of incubation. 
TABLE  I 
Effect of GM-CSF on the Differentiation  of CBA Mouse Bone Marrow GM-CFC in the Presence of Optimal 
Concentrations  of M-CSF 
Perce nt eoloniesr 
Mean no.* of colonies per cul- 
M-CSF dilution  GM-CSF dilution  ture  Granulocytic  Mixed  Macrophage 
1:8  0  102 -  6  0  5  95 
0  1:20  99 _+ 7  40  29  31 
1:8  1:3  95 +- 9  49  25  26 
1:8  1:9  131  -  16  52  23  25 
1:8  1:27  111 +- 12  60  18  22 
1:8  1:81  118 _+ 12  49  20  31 
1:8  1:243  118 _+ 12  33  17  50 
1:8  1:729  129 -+ 10  26  13  61 
1:8  1:2,189  111  -  10  22  7  71 
All cultures  stimulated by 0.1  ml  of  the standard  GM-CSF or  M-CSF preparations at the given dilutions (see 
Materials and Methods). 
* Mean colony numbers -  SD from four replicate cultures each with 40,000 CBA bone marrow cells. 
Colony morphology determined by staining 45 sequential colonies from each culture. 
40%  granulocytic  colonies  (Table  I).  To  deter- 
mine whether the different colony growth patterns 
were  due  to  preferential  stimulation of different 
subpopulations of CFC, mixing experiments were 
performed.  With cultures containing optimal con- 
centrations  of  both  M-CSF  and  GM-CSF,  total 
colony  numbers  were  comparable  to  those  of 
cultures  containing  either  stimulus  alone  (Table 
I).  Colony  morphology  in  mixed  cultures,  how- 
ever, was always the same as with GM-CSF alone, 
although when suboptimal concentrations of GM- 
CSF  were  mixed  with optimal  concentrations of 
M-CSF,  an  increase in the  proportion  of macro- 
phage colonies was observed (Table I). 
Bone marrow cells from CBA mice were sepa- 
rated into 20 fractions by velocity sedimentation. 
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replicate with optimal concentrations of GM-CSF 
or M-CSF; the results of two separate experiments 
are shown in Fig. 2. Both M-CSF and GM-CSF 
stimulated CFC  sedimenting between  2  and  10 
mm/h. The smaller CFC (sedimentation velocity 
2-4  mm/h)  produced  more  colonies with  GM- 
CSF, whereas the larger CFC (sedimentation ve- 
locity =  6-9 ram/h) were more responsive to M- 
CSF.  The ratio of the  total number of colonies 
stimulated by M-CSF (i.e. the sum of the number 
of  CFC  present  in  all  fractions)  to  the  total 
number of colonies stimulated by GM-CSF was 
1.04. 
Liquid Cultures 
The relationships between the CFC stimulated 
by M-CSF and GM-CSF were also investigated by 
preparing liquid cultures of CBA bone  marrow 
cells  containing either  M-CSF or  GM-CSF and 
subsequently harvesting the  cells to  analyze the 
CFC by the semisolid agar cloning technique. In 
the presence of either CSF, the total number of 
cells  decreased  during the  first  3  days of liquid 
culture, although the frequency of CFC increased 
(Table II). There were more cells present in the 
cultures containing GM-CSF (compared with M- 
CSF-stimulated cultures) after both 1 and 3 days 
of  liquid  culture,  but  after  3  days  there  were 
slightly more CFC in the liquid cultures stimulated 
by  M-CSF.  Cells  initially stimulated  in  liquid 
culture by M-CSF and cultured in the presence of 
M-CSF  gave  rise  to  only  macrophage  colonies 
(Table  II).  Even  24-h  exposure  to  M-CSF  ap- 
peared to commit most of the CFC to the macro- 
phage  differentiation  pathway,  because  subse- 
quent culture in the presence of GM-CSF yielded 
over 60%  macrophage  colonies, compared  with 
30%  when  GM-CSF was  used to  stimulate the 
liquid cultures (Table II). After 3  days in liquid 
culture  in  the  presence  of  M-CSF,  all  of  the 
surviving CFC appeared to be committed to mac- 
rophage  differentiation even when GM-CSF was 
used to stimulate the agar cultures. 
Clone Transfer Experiments 
Liquid culture experiments do not permit anal- 
ysis of the progeny of any particular cell. For this 
reason,  experiments were  performed with  bone 
marrow cells cloned in agar to study the influence 
of GM-CSF and/or M-CSF on clonal differentia- 
tion. After 7 days of culture, the morphology of 
individual colonies  was  found  to  be  dependent 
upon the type of CSF used (Table III); developing 
clones  were  therefore  analyzed at  earlier  time- 
points to determine at what time clonal morphol- 
ogy was altered. After stimulation  of bone marrow 
cells in agar culture for 2 days with GM-CSF, in 
i  I  I  I  I  !  |I  I  I  I  l  I  1 
F 
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SEDIMENTATION  VELOCITY  (rnm/h) 
Fzou~ 2  Distribution of CFC in CBA bone marrow separated by velocity sedimentation. The two 
panels are from separate experiments performed under identical conditions. All cultures were stimulated 
by 0.1 ml of the standard GM-CSF preparation diluted 1:20 (O- -0) or the standard M-CSF preparation 
diluted 1:8 (O--￿9 
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Effect of Short- Term Liquid Culture on Agar Colony Morphology 
Initial  liquid  culture  F'mal  agat culture  Colony morphology 
No. oells per 
culture*  (x  No. colonie~ 
Time  Stimulus  10 -~)  Stimulus  per culture  Granulocytic  Mixed  Macrophage 
days  %  %  % 
I  M-CSF  1.1  M-CSF  1,200  0  0  100 
1  M-CSF  1.1  GM-CSF  400  27  9  64 
1  GM-CSF  1.8  M-CSF  1,000  7  14  79 
1  GM-CSF  1.8  GM-CSF  800  39  27  34 
3  M-CSF  0.72  M-CSF  2,400  0  2  98 
3  M-CSF  0.72  GM-CSF  1,300  0  2  98 
3  GM-CSF  0.89  M-CSF  2,000  7  16  77 
3  GM-CSF  0.89  GM-CSF  1,200  21  27  52 
* Cultures  were initiated with  105  CBA bone  marrow cells in  1-ml  cultures and  stimulated with 0.1  ml of the 
standard GM-CSF preparation (diluted 1:20) or the standard M-CSF preparation (diluted 1:8). Nucleated cells were 
counted on a hemocytometer, using eosin dye exclusion to determine the viable ceils. 
:~ Colonies were counted after 7 days in agar culture, and numbers indicate the total number of CFC in each initial 1 
ml of liquid culture. 
TABLE III 
Morphology of Early Clones Stimulated by GM-CSF or M-CSF 
Morphology of  clones 
Time of incuba-  Total dones~t as- 
tion  Stimulus*  sayed  Granulocytic  Mixed  Macrophage  Mononudear 
days  %  %  %  % 
2  GM-CSF  58  60  24  2  14 
2  M-CSF  67  19  27  8  46 
3  GM-CSF  42  81  I0  2  7 
3  M-CSF  42  14  21  10  55 
4  GM-CSF  31  91  3  3  3 
4  M-CSF  31  19  16  52  13 
7  GM-CSF  45  38  22  40  0 
7  M-CSF  45  0  7  93  0 
* Cultures (1 ml) were stimulated with 0.1  ml of the standard GM-CSF preparation (diluted 1:20) or the standard 
M-CSF preparation (diluted 1:8). Day 7 data obtained from clones of >50 cells. 
~: CBA mouse bone marrow cells (40,000) were cloned in semisolid agar in the presence of the appropriate stimulus. 
58 clones analyzed the mean number of ceils per 
clone was found to be  11  and 60%  of developing 
clones were  pure  granulocytic  (Table  III).  After 
stimulation  with  M-CSF  for  2  days,  <20%  of 
developing  clones  contained  only  granulocytes 
(Table  III),  and  the  mean  number  of  cells  per 
clone (determined from 67 analyzed, of all types) 
was found  to be  8.  Similar differences were also 
observed  after  3  days  of culture.  Stimulation  by 
GM-CSF  produced  clones  of  which  81%  con- 
tained only granulocytes (Table III), the mean cell 
number of all clones being 42; with M-CSF stim- 
ulation,  14%  of clones  contained  only  granulo- 
cytes (Table III), and the mean cell number, of all 
clones, was 13 per clone. 
To determine whether obvious differences (Ta- 
ble  III)  in  clone  morphology  and  cell  numbers 
observed  at  days  2,  3,  and  4  of  development 
reflected  a  commitment to neutrophil  or macro- 
phage  differentiation,  clone transfer  experiments 
were performed. The results of these experiments 
are summarized in Table IV. After 2 or 3 days in 
the  presence  of the  initial  stimulus,  in  all cases 
except  one  (day  3,  GM-CSF-GM-CSF:  only 
72%  survival),  more  than  87%  of  transferred 
clones survived if transferred to the same stimulus 
type in the secondary cultures.  When clones initi- 
ated  in  M-CSF-stimulated  cultures  were  trans- 
ferred to secondary cultures containing GM-CSF, 
more than  97%  of clones survived.  Upon subse- 
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transferred  aggregates  produced  clones of which 
97%  were composed of macrophages (Table IV). 
No pure granulocytic clones were observed. When 
clones were  initiated  in  GM-CSF-stimulated  cul- 
tures, and then transferred at day 2 or day 3 to M- 
CSF-stimulated  cultures,  only  58  and  51%  of 
transferred  clones,  respectively,  survived.  Of 
those  clones  that  survived  transfer,  more  than 
70%  were  composed  entirely  of  macrophages 
(Table IV). In control experiments in which clones 
were transferred  to secondary cultures containing 
normal saline  instead  of CSF,  no clones survived 
the total 7-day culture period. 
Chemical Characterization of M-CSF 
Although the  DEAE-Sepharose  batch  absorp- 
tion and elution only leads to a preparation of M- 
CSF  with  a  specific  activity  slightly  higher  than 
that  of  the  starting  conditioned  medium  (Table 
V),  the  yield  of  colony-stimulating  activity  was 
approximately 95%  and the volume in which the 
M-CSF  was  contained  had  decreased  60-fold. 
Chromatography  of M-CSF from  DEAE-Sepha- 
rose on Sephadex G-100 yielded two major peaks 
of protein-one  at the void volume and the other 
close to albumin (Fig. 3). A  single peak of colony- 
stimulating activity eluted  at a  position similar to 
that  of  albumin  (although  the  activity  elution 
profile was rather broad).  From the linear plot of 
the logarithm of the molecular weight against the 
elution volume for a set of proteins of known size, 
the  apparent  molecular  weight  of  M-CSF  was 
determined to be 60,000  (Fig. 4).  Even though it 
was possible to recover 80% of colony-stimulating 
activity  after  chromatography  on  Sephadex  G- 
TABLE IV 
Effect of Short-Term Exposure in Agar Culture to a Specific CSF on Clonal Differentiation 
Clone morphology 
Average  cells 
Initial cul-  No. of clones  Viable clone  per recovered  Granulo-  Macro- 
ture*  Initial stimulus:~  Final stimulusw  transferred  recovery  clone  cytic  Mixed  phage 
%  % 
2  GM-CSF  GM-CSF  52  87  147  17  52  31 
2  GM-CSF  M-CSF  40  58  106  4  14  82 
2  M-CSF  M-CSF  30  93  57  0  0  100 
2  M-CSF  GM-CSF  30  97  30  0  3  97 
3  GM-CSF  GM-CSF  50  72  57  56  22  22 
3  GM-CSF  M-CSF  77  51  92  10  21  69 
3  M-CSF  M-CSF  102  98  56  2  0  98 
3  M-CSF  GM-CSF  80  95  48  0  0  100 
* Cultures (1 ml) were stimulated with 0.1  ml of the standard GM-CSF preparation (diluted 1:20) or the standard 
M-CSF preparation (diluted 1:8). 
:~ CBA mouse bone marrow cells (40,000) were cultured in agar in the presence of the initial stimulus. 
w At the time indicated, developing clones were transferred to a second agar culture containing the final stimulus, 
and the culture was continued until day 7. 
TABLE  V 
Purification of M-CSF from YSCM 
Amount of pro-  Specific  activity 
Stage  Volume  No. of colonies*  tein  (￿  10 3)  Yield 
rnl  ￿  10  s  rng  colonies~rag  % 
YSCM  300  5.8  55  10  100 
DEAE-sepharose  5.0  5.6  40  14  95 
Concanavalin A-  I  5.5  2.2  21  10  40 
Sepharose  II  4.0  1.0  4.5  22  20 
Electrophoresis  I  0.9  1.5  1.2  125  25 
1I  0.9  0.4  0.3  135  7 
* Calculated from the linear portion of the titration curve per 105 CBA mouse bone marrow cells in the standard 
semisolid agar cloning system.  I, the protein fraction passing through the concanavalin A-Sepharose. II, the protein 
bound to concanavalin A-Sepharose and eluted with 0.05 M methyl-ct-D-glucopyranoside. 
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Fmu~ 3  Sephadex  G100 gel filtration chromatography of M-CSF eluted from DEAE-Sepharose. The 
protein profile was determined by optical density at 280 nm using a 1-cm cell. The colony-stimulating 
activity (￿9169  was measured using 0.1 ml from each fraction in the standard semisolid agar system. 
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FIGURE 4  Apparent  molecular weight of M-CSF and 
GM-CSF using gel filtration on Sephadex G100.  Pro- 
teins of known molecular weight were used to calibrate 
the column. (1) Immunoglobulin G; (2) bovine serum 
albumin; (3) ovalbumin; (4) ot-chymotrypsinogen;  and 
(5) myoglobin. 
100, there was only a  1.5-fold increase in specific 
activity. This step was not routinely incorporated 
into the initial purification scheme; however, the 
concentrated pool from Sephadex G-200 was ca- 
pable of maximally stimulating CBA bone marrow 
cells  over a  20-fold concentration range. M-CSF 
eluted  from  DEAE-Sepharose  was  chromato- 
graphed  on  concanavalin A-Sepharose.  The  re- 
sults are  compared to  those  in a  similar experi- 
ment with GM-CSF which was also eluted from 
DEAE-Sepharose  (Fig.  5).  As  expected,  when 
GM-CSF was chromatographed, most of the pro- 
tein failed to bind to the column, but almost 80% 
of the GM-CSF bound and was specifically  eluted 
with  methyl-a-D-glucopyranoside (0.05  M).  A1- 
though the protein profile was similar for M-CSF, 
over 70% of the colony-stimulating  activity failed 
to bind to the concanavalin A-Sepharose column 
(Table V). The M-CSF eluted from concanavalin 
A-Sepharose  with  methyl-a-D-glucopyranoside 
(0.05  M)  had  a  specific  activity  of  2.2  x  104 
colonies/rag protein (Table V). 
Further purification of  M-CSF was  attempted 
using a preparative polyacrylamide gel electropho- 
resis column (20  x  70 mm). The electrophoresis 
was  performed  at  pH  8.6  with  an  acrylamide 
concentration of 10% for 9 h at 4 mA. A portion 
of the gel was stained for protein with Coomassie 
Blue  R-250,  and the  remainder was  sliced  into 
1.5-mm  slices  for  elution  with  0.01  M  sodium 
phosphate  buffer,  pH  7.3,  containing 0.15  M 
NaC1 and 0.005%  polyethylene glycol  6,000  (2 
ml).  After  sterilizing the  eluate  by  membrane 
filtration, 0.1-ml aliquots from each fraction were 
assayed for CSF. The colony-stimulating activity 
and protein profiles for the electrophoretogram of 
the  protein  and  CSF,  which  fails  to  bind  to 
concanavalin A-Sepharose, are  shown in Fig. 6. 
A  single peak of colony-stimulating  activity (mo- 
bility relative to bromphenol blue equal to 0.15) 
was  observed,  but  over  20  protein  bands were 
apparent.  The  specific  activity of the  eluted  Mo 
CSF was over 10-fold higher than in the original 
YSCM. Fewer protein bands were observed when 
the M-CSF eluted from concanavalin  A-Sepharose 
was subjected to electrophoresis under the same 
conditions. Both the unbound and bound M-CSF 
from concanavalin A-Sepharose chromatography 
migrated in an identical manner on electrophore- 
sis. The recovery of M-CSF from the electropho- 
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I~GU~UE 6  Polyacrylamide gel electrophoresis at pH 8.6 of M-CSF eluted from DEAE-Sepharose but 
which fails to bind to concanavalin  A-Sepharose. The protein profile was determined by densitometry of 
the  Coomassie  Blue-stained  bands,  and  the  units  on  that  axis  are  arbitrary.  The  CSF  profile  was 
determined by assaying  0.1  ml of the eluate from the gel slices in the standard  semisolid agar system. 
Colony numbers are expressed per 10  s CBA bone marrow cells. 
resis  of  the  protein  bound  to  concanavalin  A- 
Sepharose  was  <10%  of  the  original  activity 
(Table V). 
Polyacrylamide gel electrophoresis  (10%,  total 
acrylamide)  in  the  presence  of  sodium  dodecyl 
sulfate  (3%)  of  M-CSF  specifically eluted  from 
concanavalin  A-Sepharose  was  used  to  estimate 
the molecular weight of M-CSF under dissociating 
conditions.  After  electrophoresis,  the  gel  was 
sliced into  1.5-ram  segments,  each of which was 
analyzed for protein and colony-stimulating activ- 
ity.  (NB: Sodium  dodecyl  sulfate  must  be  re- 
moved before biological assay because  the deter- 
gent is toxic to bone marrow cells even at concen- 
trations  of  10 -7 M; see Materials  and  Methods.) 
The distribution of colony-stimulating activity was 
rather  broad,  but  there  was  a  single  peak  of 
activity  with  a  mobility  relative  to  bromphenol 
blue equal to  0.33  (Fig.  7).  This corresponds  to 
an apparent mol wt of 60,000. 
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F[GUlU~ 7  Sodium  dodecyl sulfate polyacrylamide gel electrophoresis at pH 8.6 of M-CSF specifically 
eluted from concanavalin A-Sepharose with methyl-~z-D-glucopyranoside  (0.05 M). Protein was measured 
colorimetrically using  the method of Lowry et ai. (7). CSF was measured in the standard semisolid agar 
system. Colony numbers are expressed per 105 CBA bone marrow cells. 
DISCUSSION 
Several reports have indicated that CSF may be 
obtained from various adult tissues, but the only 
source  of fetal  CSF at  days  11-14 of gestation 
appears to be yolk sac (5).  It was shown earlier 
that YSCM is able to stimulate colony formation 
from both fetal liver and adult mouse bone mar- 
row cells (5). Although several of the adult CSF's 
described previously have a tendency to stimulate 
macrophage differentiation in preference to gran- 
ulocyte differentiation, most of these studies have 
been  complicated  by  the  dependence  of  final 
colony morphology on the concentration of CSF 
used  to  stimulate colony formation in the  semi- 
solid  agar  assay  (11).  At  low  concentrations of 
CSF (or in the presence of inhibitors that suppress 
colony formation), CFC appear to favor differen- 
tiation  into  the  macrophage  line,  whereas  at 
higher concentrations of the same CSF, e.g. from 
MLCM,  granulocyte differentiation is  preferred 
(2,  11).  Almost  all  extracts,  tissue  fluids,  or 
conditioned media contain low concentrations of 
CSF or have sufficiently high levels of inhibitors 
to  prevent maximal stimulation of mouse  CFC. 
Without  further  purification  or  concentration, 
most  of  these  sources  of  CSF  cannot be  used 
directly to study the cellular basis of, or commit- 
ment to,  granulocyte or macrophage differentia- 
tion. M-CSF has been partially purified and con- 
centrated (to remove some of the material inhibi- 
tory to colony growth) from YSCM concentrates. 
M-CSF can be used to stimulate maximal colony 
numbers  from  CBA  bone  marrow.  Once  the 
morphological  distribution  of  colonies  is  inde- 
pendent of  CSF  concentration, it  is  possible to 
determine whether  macrophage  and/or granulo- 
cytic  CFC as  well as  GM-CFC are  present in a 
given cell suspension. 
CFC that  differentiate into macrophages tend 
to be larger than those cells that can be stimulated 
to form granulocytes and are also more responsive 
to  submaximal GM-CSF  stimulation (11).  The 
size distribution for the CFC stimulated by M-CSF 
overlaps considerably with the size distribution of 
cells stimulated by GM-CSF. The sedimentation 
velocity of the fraction with the highest number of 
CFC stimulated by M-CSF was 5.7  mm/h which 
corresponds to the velocity of the cluster-forming 
cells stimulated by GM-CSF and the  size  of the 
cells stimulated to form colonies by low concentra- 
tions of human urine CSF (11). 
These  findings suggest  that  the  more  rapidly 
sedimenting  cells,  forming  clusters  with  GM- 
CSF, are capable of colony formation when stim- 
ulated by M-CSF. Similarly, the increased number 
of colonies stimulated by GM-CSF, compared to 
M-CSF,  from  the  small  CFC  could  be  due  to 
either the presence of cells precommitted to gran- 
ulocytic differentiation (e.g. multiple granulocytic 
CFC [11]) or to an increased rate of proliferation 
of the smaller CFC in the  presence of GM-CSF. 
When cultures are maximally stimulated by M- 
CSF, the presence of low concentrations of GM- 
CSF leads to the appearance of granulocytic colo- 
nies. Although the total number of colonies is not 
changed by the  addition of  GM-CSF (Table I), 
the  morphological  distribution  changes  toward 
granulocytic differentiation. This suggests that the 
same CFC are being stimulated by the two stimuli, 
but that there are receptors on some of the CFC 
that are available to GM-CSF but not to M-CSF. 
When  these  receptors  are  activated,  the  cell is 
directed toward granulocytic differentiation even 
in the presence of an excess  concentration of the 
macrophage stimulator M-CSF. If a  separate set 
of CFC committed to granulocyte differentiation 
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expected to increase at least two-fold in the cul- 
tures containing 60% granulocytic colonies in the 
presence of optimal concentrations of both stimuli 
(M-CSF and GM-CSF). 
Short-term liquid culture of bone marrow cells 
in  the  presence  of  either  GM-CSF  or  M-CSF 
alters  the  subsequent  differentiation pattern  of 
CFC in agar. Even a 24-h exposure of the CFC to 
M-CSF increases the commitment to macrophage 
differentiation, suggesting either that some of the 
granulocytic CFC die  (e.g.  multiple granulocytic 
CFC), that there is an increase in the number of 
macrophage CFC, or that the granulocytic surface 
receptors normally activated by GM-CSF are lost. 
However,  in  the  presence  of  either  M-CSF  or 
GM-CSF, the number of CFC appears to remain 
constant during the  first  24  h  of liquid culture. 
Thus,  it  is  more  likely  that  the  existing  CFC 
become committed to macrophage differentiation 
in  the  presence  of M-CSF.  The  morphology of 
cells within the early (2 day) clones stimulated by 
GM-CSF is different from that of cells stimulated 
by  M-CSF.  Cells  stimulated by M-CSF give  rise 
to clones comprised mainly of mononuclear cells 
even after days 2, 3, and 4 of culture, whereas the 
cells appearing as a result of GM-CSF stimulation 
appear to be mainly granulocytic, at least until day 
4 of culture. This suggests that M-CSF is able to 
stimulate the CFC toward macrophage differentia- 
tion  more  quickly than  GM-CSF.  GM-CSF ap- 
peared to stimulate an initial burst of granulocyte 
differentiation which is gradually replaced by mac- 
rophage differentiation as the time of the culture 
is extended beyond 6 days. Experiments in which 
2-  and  3-day clones stimulated by  M-CSF were 
transferred to  agar cultures containing GM-CSF 
(Table III) indicated that  GM-CSF was  able  to 
support the growth of all of the developing clones 
but  that  the  clones  had  become  committed  to 
macrophage differentiation. The presence of GM- 
CSF in the initial agar cultures appeared to com- 
mit some of the CFC to granulocytic differentia- 
tion, as only 50% of the clones transferred to agar 
cultures containing M-CSF survived. After 2 days 
in agar culture, 80%  of the  GM-CSF-stimulated 
clones contained mostly granulocytic cells, yet by 
day 7 only 50% of the transferred clones appeared 
to  he  granulocytic. This supports the  hypothesis 
suggested  by  Metcaif (9)  that  granulocytic cells 
may develop to form macrophages. The possibility 
that the few monocytic cells present in the 2-day 
clones proliferate to  form  macrophages whereas 
the granulocytic cells die cannot yet be excluded. 
Only the CFC committed to macrophage differ- 
entiation or capable of conversion to macrophages 
in the presence of M-CSF were supported by M- 
CSF stimulation in  the  secondary  cultures.  The 
clones transferred  from  the  initial cultures con- 
tained  cells  with  differentiation states  that  are 
between  the  CFC  and  the  mature  cells.  These 
activated CFC are no longer capable of differen- 
tiation  toward  both  granulocytes  and  macro- 
phages, but appear to be committed to one or the 
other of the differentiation pathways. However, it 
needs to be emphasized that genetic factors may 
also  play a  role  because all of the  present data 
were  obtained with CBA mice.  When the  same 
preparations of M-CSF are  used on C57B1 bone 
marrow cells, approximately 20%  of day-7 colo- 
nies are composed of granulocytes.e 
On gel filtration, the  molecular weight of M- 
CSF eluted from  DEAE-Sepharose appeared  to 
be 60,000. However, this molecular weight deter- 
mination is  complicated by  possible  interactions 
with contaminating proteins. Electrophoresis un- 
der dissociating conditions indicated that the ap- 
parent  molecular weight  of  this  fetal  CSF  was 
indeed close to 60,000. This value is considerably 
higher  than  the  23,000  mol  wt  determined for 
GM-CSF (2) but is similar to the value reported 
for mouse L-cell CSF (16).  Only a small propor- 
tion of the M-CSF eluted from DEAE-Sepharose 
appears  to  bind  to  concanavalin  A-Sepharose. 
This indicated that the M-CSF was only partially 
glycosylated-a phenomenon frequently observed 
with  glycoprotein  hormones  produced  in  vitro. 
Other CSF's have also been reported  to be  het- 
erogeneous with respect to their ability to bind to 
concanavalin A-Sepharose  (2,  15).  The  electro- 
phoretic mobility and the molecular weight on gel 
filtration of both the unbound and bound colony- 
stimulating activity were the same, indicating that 
the  molecules had  quite similar physicochemical 
properties  in spite  of the  difference in carbohy- 
drate content. Although M-CSF eluted from con- 
canavalin A-Sepharose had a considerably higher 
specific  activity than  the  unbound M-CSF after 
purification by polyacrylamide gel electrophoresis, 
both fractions had similar specific  activity. Thus, 
concanavalin A-Sepharose appears to be a useful 
analytical tool for the study of the glycosylation of 
M-CSF, but it is not an effective step during the 
initial purification of the molecule. In vitro culture 
conditions can  affect  the  level  of  glycosylation, 
Johnson,  G.  R.,  and D.  Metcalf.  Unpublished obser- 
vations. 
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to  see  whether  the  level of glycosylation  can  be 
increased. 
The small amount of M-CSF likely to be present 
in  YSCM  will make  the complete  purification of 
this  molecule  difficult.  However,  highly  active 
preparations will be available for the study of its 
action both in vitro and in vivo. The availability of 
this  M-CSF  should be  particularly  useful for  the 
establishment of the relationships between granu- 
locyte-macrophage,  granulocyte,  multiple  granu- 
locytic  cells,  and  their  corresponding  progeny 
(cluster-forming cells) (11) in both bone marrow 
and fetal liver cell populations. 
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